Lay summary
The 'glymphatic system' is a newly discovered brain-wide pathway that facilitates clearance of various substances that accumulate in the brain due to its activity. This study evaluated whether the function of this system is altered in a model of brain dysfunction that occurs in cirrhosis. For the first time, we identified that the clearance of substances from the brain in cirrhosis is reduced because this clearance system is defective. This study proposes a new mechanism of brain dysfunction in patients with cirrhosis and provides new targets for therapy.
Introduction
The mechanisms underlying the pathogenesis of hepatic encephalopathy (HE) in patients with cirrhosis (chronic liver disease) are not completely understood. Data available in the literature suggest that noxious substances and metabolites such as lactate, glutamate, bile acids and drugs accumulate in the brain of patients with HE. 1 The prevailing hypothesis proposes that this occurs because of metabolic and transporter defects induced by hyperammonaemia, inflammation and alterations in blood brain barrier function. 2, 3 In the periphery, the lymphatic system is responsible for interstitial fluid (ISF) clearance, a mechanism that is critical for maintaining tissue homeostasis. Although neuronal function is exquisitely sensitive to alterations in the extracellular environment, until recently, the brain was believed to be devoid of a lymphatic drainage/clearance system. Recent studies identified a brain-wide paravascular pathway that facilitates the efficient clearance of various molecules, including toxic interstitial proteins, lactate and other metabolites. 4, 5 Subarachnoid cerebrospinal fluid (CSF) circulates through the brain parenchyma along the paravascular spaces surrounding penetrating arteries, exchanging with the surrounding ISF and facilitating the clearance of interstitial solutes. 4 ISF is then cleared along paravascular spaces surrounding large calibre cerebral veins, which reach the recently discovered meningeal lymphatic vessels 6 and enter the systemic circulation. This pathway has been termed the ''glymphatic system" because of its apparent dependence on glial water channels and its clearance function similar to that of the lymphatic system. That said, the precise definition of what constitutes ''glymphatic" function in the brain is still being debated and discussed in the literature, [7] [8] [9] and the precise role that glial water channels play in such a clearance pathway is unclear. A schematic describing this system in health and HE (according to the findings of the current study) is depicted in Fig. 1 .
In addition to clearing the brain, the glymphatic system is thought to contribute to the distribution of growth factors, neuromodulators, carrier proteins and other solutes within the brain. 10 Failure of the glymphatic system (achieved either experimentally 11 or pathophysiologically [12] [13] [14] [15] ) may therefore have critical adverse consequences, and has been linked to the pathogenesis of neurodegenerative disease(s). 5, 16 In this study, we tested the hypothesis that the glymphatic clearance mechanisms are impaired in cirrhosis, potentially contributing to the development of the neurochemical phenotype observed in HE. Making use of the bile duct ligation (BDL) rat model of chronic liver disease with minimal HE, we used mass-spectroscopy techniques as well as cisternal delivery of an MRI contrast agent, and dynamic contrast-enhanced MRI (used previously to define the function of the glymphatic system in rodents 4, 13, [17] [18] [19] [20] [21] and in humans [22] [23] [24] [25] [26] ) to measure the relative function of this system in the diseased (HE) and healthy rat brain.
Materials and methods

Animal models
All the experiments were performed in accordance with the Animals (Scientific Procedures) Act 1986 (ASPA) revised according to the European Directive 2010/63/EU and the UK Home Office (Scientific Procedures) Act (1986) with prior project approval from UCL's internal Animal Welfare and Ethical Review Body. Male Sprague-Dawley rats (body weight $350-400 g) were obtained from a commercial supplier (Charles Rivers Laboratories, Inc., Oxford), and transported to UCL at least 14 days prior to experimentation. Rats were group housed (3 per cage) in individually ventilated cages kept on a 12 h light-dark cycle (light 7 am-7 pm), with ad libitum access to standard rat chow and water, and environment enrichment in the form of chew sticks and cardboard tubes.
A total of 46 animals were used in this project in the different sub-studies. BDL and sham surgeries were performed as previously reported 27 on 22 and 24 animals respectively (Details on surgical protocol in the supplementary section).
Blood and brain tissue were collected under terminal isoflurane anaesthesia. Plasma biochemistry was performed using a Cobas Integra II system (Roche Diagnostics).
Dynamic contrast-enhanced MRI
Five sham-operated and 5 BDL rats were anaesthetised, the dura mater overlaying the cisterna magna was exposed and an intrathecal 24-gauge infusion catheter (0.7 Â 19 mm, B|Braun, Melsungen, Germany) was advanced 1 mm into the cisternal space. Following surgery, animals were transferred to an MRI compatible cradle with a snout mask positioned to deliver 1.5% isoflurane in oxygen. Rats were maintained at 37°C core body temperature and respiratory rate was maintained between 70 and 100 breaths per minute. All imaging was performed with a 9.4 T VNMRS horizontal bore MR scanner (Agilent Inc., Santa Clara, California, USA). A baseline scan was acquired prior to intrathecal infusion of the paramagnetic contrast agent, gadolinium (Gd-DTPA, 21 mM) via the pre-implanted catheter (80 ll at 1.6 ll/min, total time 50 min). MR images were continually acquired throughout and after intrathecal infusion for a total time of 144 min. At the end of the experiment the animal was euthanised by sodium pentobarbital overdose (200 mg/kg). Details on surgical protocol, image acquisition and processing are available in the supplementary section.
Intracranial pressure measurements
In a separate group of BDL (n = 6) and sham-operated (n = 8) animals, resting intracranial pressure (ICP) was determined. Under general anaesthesia (5% isoflurane in oxygen for induction, 2% isoflurane in air for maintenance), the femoral artery was cannulated for blood pressure measurements. The rats were positioned in a stereotaxic frame with the head flexed to 50°and a midline incision was made at a midpoint between the skull base and the occipital margin to the first vertebrae. The underlying muscles were parted exposing the atlantooccipital membrane and dura mater overlaying the cisterna magna. A 23-gauge needle attached to a cannula connected to using a 10 ll glass Hamilton syringe (4 ll at 0.4 ll/min, total time 10 min). After 30 min of the intracerebral infusion, the cisterna magna was exposed and was thoroughly cleaned with saline. A durotomy was made using a 23-gauge needle attached to a 1 ml syringe, allowing CSF to be collected. At the end of the experiment the animals were euthanised by overdose of sodium pentobarbital (200 mg/kg, i.p). Blood was collected from the left ventricle of the heart. The brain was also quickly removed from the skull and dissected into the frontal ($À2.5 mm from bregma forward), middle ($À2.5 to À10 mm from bregma), and the hind brain ($À10 mm from bregma backwards). All samples (blood plasma, CSF, brain tissue) were snap frozen in liquid nitrogen and Gd-DTPA, as well as total tauro-conjugated bile acids (in plasma and CSF), quantification was performed using sector-field ICP-mass spectrometry (SF-ICP-MS) (details are available in the supplementary section).
Healthy
Hepatic encephalopathy
AQP4 immunofluorescence and blood vessel labelling
Four BDL and 4 sham-operated animals were terminally anesthetised with urethane (1.9 g/kg i.p.) and transcardially perfused with ice-cold 0.9% sodium chloride solution followed by 4% paraformaldehyde (PFA) at 4°C. Brains were removed, post-fixed in PFA overnight, and cryoprotected in 30% sucrose for 48 h at 4°C. Coronal brain slices (30 lm) were sectioned using a cryostat (Bright instruments, UK). Olfactory bulb and prefrontal cortex sections were incubated in blocking buffer for 2 h on a shaker, to minimise non-specific binding of the antibody (10% goat serum in 0.1% Triton in PBS). Tissue was then incubated in primary antibody aquaporin-4 (AQP4, 1:60, ab9512, Mouse monoclonal, Abcam) diluted in blocking buffer for 24 h at 4°C on a shaker. Negative controls were performed for each animal group by omitting the primary antibody in one of the wells. Tissue was washed 3 times with PBS for 10 min and subsequently incubated in the secondary antibody, Alexa 568 anti-mouse (1:500, Molecular probes) together with Alexa Fluor TM 647 Conjugate Isolectin B 4 (1:200, Molecular Probes: I32450), diluted in the blocking buffer, for 24 h at 4°C on a shaker. Isolectin B 4 binds to a-D-galactose residues in the basement membrane secreted by endothelial cells. 29 After 3 final washes in PBS, the tissue was mounted on glass slides and cover-slipped with Fluoroshields (Sigma). Slides were then imaged using a Zeiss LSM 700 confocal microscope.
Quantification of AQP4 expression
Evaluation of the localisation of AQP4 to perivascular end-feet and glial limitans was performed by measuring the pixel intensities of Isolectin and AQP4 immunoreactivity across cross sections of blood vessels in each brain region studied. For this, fluorescent intensity for both Isolectin and AQP4 markers were measured across a single 40 lm axis perpendicular to the vessel orientation, and expressed as intensity, normalised to the intensity of a randomly selected background region of interest (ROI) in the same image for each antigen, to generate linear plots of fluorescence extending from the brain tissue, into the vessel and again into the surrounding brain tissue.
Quantification of AQP4 polarisation Perivascular polarisation of AQP4 was measured as previously described. 10 Briefly, the median immunofluorescence intensity of AQP4 immunopositivity in perivascular regions was measured. A threshold analysis was then used to measure the percentage of the region exhibiting AQP4 immunofluorescence greater than or equal to perivascular AQP4 immunofluorescence (AQP4% area). Polarisation was expressed as the percentage of the region that exhibited lower AQP4 immunoreactivity than the perivascular end-feet. AQP4 vessel coverage was measured by firstly delineating the area of the vessel from the Isolectin channel image. This ROI was then placed on the AQP4 channel image thresholded for immunoreactivity, for extraction of the percentage vessel coverage (% immunoreactivity of AQP4 of whole delineated vessel).
Behavioural experiments
Spatial working memory, evaluating prefrontal cortex function, in separate groups of sham-operated (n = 5) and BDL rats (n = 5) was evaluated in the Barnes Maze. The training consisted of 1 day for habituation followed by the working memory training which involved a paired sample task during the following 6 days of training. Each daily session consisted of 2 identical trials (sample and retention). During both trials, the escape box was in a fixed position every day, changing between days in a pseudorandom order (details are available in the supplementary section).
To test the reference memory in the Barnes Maze and evaluate hippocampal function, the escape box remained in the same position during the training session for 5 days. Visual cues were placed above the 4 quadrants of the maze and 4 trials were performed per day for 5 days. Time spent to find the target hole where the escape box used to be located (latency), distance travelled, speed and path efficiency (1 indicates perfect efficiency-animal moved in a straight line) were recorded and analysed by ANY-maze software (Stoelting Co) (details are available in the supplementary section).
Statistical analysis
Statistical comparisons between MR time course data and the brain SF-ICP-MS data from sham-operated and BDL groups were performed using 2-way ANOVA followed by Bonferroni post hoc test. CSF and plasma SF-ICP-MS as well as ICP data from shamoperated and BDL groups were compared using a Student's t test. Biochemistry data was analysed using one-way ANOVA.
Statistical comparisons between immunofluorescence line profile data, area under the curve from line profile data and AQP4 vessel coverage and polarisation from sham-operated and BDL groups were performed using 2-way ANOVA followed by Bonferroni post hoc test.
For the neurobehavioural experiments, statistical comparisons of data between sham-operated and BDL animals were performed using 2-way ANOVA with Bonferroni post hoc test.
For comparison of data within animal groups along training days, 2-way ANOVA was applied followed by Tukey post hoc test.
Statistical tests were performed using GraphPad Prism (v6 for Windows, San Diego, CA, USA), and all data were reported as mean ± SEM. Differences with p value of <0.05 were considered significant. Sample sizes were calculated using Gpower 3 v3.1.9.2 (http://www.gpower.hhu.de/en.html) 30 using a 'means: ANOVA (two groups)' test, with a desired power of 90% and a significance level of 5%. The effect size was calculated from the difference in contrast infiltration observed in the olfactory bulb of sham and BDL animals in a preliminary study (n = 3). Based on this calculation, n = 5 was used. The same calculations were performed for the other experiments when possible, in order to determine appropriate n numbers.
For further details regarding the materials and methods used, please refer to the CTAT table and supplementary information.
Results
Biochemistry
Plasma biochemistry, including ammonia concentration, was assessed in all groups of animals (Table S1 ). Compared to sham surgery, BDL resulted in a significant increase in plasma alanine aminotransferase and bilirubin (p <0.001), indicating impaired liver function, while albumin and total protein concentrations were significantly decreased (p <0.001). Plasma ammonia concentration was significantly higher in BDL rats compared to sham-operated animals (p <0.001). The level of total tauroconjugated bile acids was also significantly higher in both the plasma and CSF (p <0.001) in BDL compared to sham animals (Table S1 ).
Glymphatic flow evaluated using dynamic contrastenhanced MRI Dynamic contrast-enhanced MRI was used to visualise brainwide subarachnoid CSF-ISF exchange in anesthetised BDL and sham-operated animals. The time course of parenchymal distribution of the paramagnetic contrast agent, Gd-DTPA throughout the brain was assessed as a measure of glymphatic flow. 4, 5 Following an intra-cisternal infusion of gadolinium, serial acquisition of T1-weighted MR images was performed (Fig. 2A) . The integrity of the skull was confirmed by monitoring the temporalis muscle for the presence of gadolinium (Fig. 3E) , to ensure a sealed and intact system, which is essential for the glymphatic flow.
In order to assess the ability of the brain to distribute the infused contrast agent, the brain was compartmentalised (on analysis) and the quantification of signal intensity vs. time of inflow was compared between BDL and sham-operated animals. Parenchymal penetration of the contrast agent in the olfactory bulb (p <0.0001) and prefrontal cortex (p = 0.01) was dramatically reduced in BDL rats compared to sham-operated animals, indicating that the efficacy of glymphatic flow in these areas is compromised (Fig. 2C-D) . In contrast, facilitated inflow of contrast agent was observed in the hippocampus (p = 0.03) of BDL rats (Fig. 2E) , further suggesting that glymphatic flow is altered in this HE model.
CSF filled compartments, including the aqueduct, third and lateral ventricles, showed no significant differences in inflow between sham-operated and BDL animals ( Fig. 4A-D) . Similarly, time courses of the parenchymal distribution of the contrast agent in the striatum (p = 0.4), midbrain (p = 0.7), caudal cortex (p = 0.1), thalamus (p = 0.06) and hypothalamus (p = 0.2) were not different between the two groups ( Fig. 3A-D, F) . Glymphatic clearance evaluated via Gd-DTPA quantification using SF-ICP-MS Following the assessment of glymphatic flow by MRI, a separate cohort of animals was intracerebrally infused with Gd-DTPA, the same imaging agent used for the MRI experiments. The aim of these experiments evaluating the clearance of Gd-DTPA from the brain was to validate the results of impaired glymphatic inflow that were observed using MRI. Thirty minutes after the Gd-DTPA was infused in the prefrontal cortex, one of the most altered and accessible brain regions according to the MRI results, blood plasma and CSF were collected. Additionally, the brain was removed and dissected into frontal (site of infusion), middle and hind brain regions. The Gd-DTPA concentration in samples was then quantified using SF-ICP-MS, revealing a trend towards less Gd-DTPA in circulating plasma (p = 0.5) and CSF (p = 0.2) of BDL rats, however these differences were not significant. However, these data suggest that less Gd-DTPA had been cleared out of the brain of BDL animals ( Fig. 5A-B) . In line with these data, significantly higher Gd-DTPA content was recorded in the frontal brain tissue of BDL compared to sham-operated rats (p <0.001), while the other regions did not show significant differences in Gd-DTPA content (Fig. 5C ). This suggests that Gd-DTPA clearance from the prefrontal cortex is also impaired in BDL rats, similar to glymphatic inflow in this region.
Measurement of intracranial pressure and volume of the brain regions of interest in sham-operated and BDL animals
Impairment of parenchymal contrast agent penetration and clearance could be due to altered ICP, or brain volume differences in BDL animals. Therefore, volumes of select brain regions, obtained from 3D ROI measurements of contrast-enhanced MR images (Fig. 4D ) and recorded ICP from the cisterna magna (Fig. 2B) , were then determined in sham-operated (n = 8) and BDL (n = 6) animals. The results obtained demonstrated that the observed contrast agent inflow and impaired clearance cannot be attributed to altered pressure or volume differences in the brain, as the volumes of brain regions (p > 0.05 for all regions) and the ICP recorded from the cisterna magna (p = 0.7) were not different between sham-operated and BDL animals.
Evaluation of AQP4 expression and polarisation in the brain regions of interest in sham-operated and BDL animals
The astrocytic water channel AQP4, which is highly polarised on astrocytic end-feet, ensheathing brain vasculature, has been shown to play an important role in the transport of CSF into the brain parenchyma via the glymphatic system. 5 It has also been shown that with advancing age, glymphatic function is reduced, possibly caused by astrocytic activation, associated with altered AQP4 expression and localisation. 10 In order to better understand the underlying mechanism of impaired glymphatic function observed in animal models of HE, we performed AQP4 immunofluorescence analysis and blood vessel labelling with Isolectin in the two most affected brain regions; the olfactory bulb and prefrontal cortex.
On the dual fluorescence images obtained, lines were drawn across blood vessels and intensity measurements were made for both AQP4 and Isolectin across vessel cross sections (Fig. S1) . Analysing the expression of AQP4 and Isolectin we observed that, in the olfactory bulb, Isolectin and AQP4 intensities appeared similar between vessels from sham-operated and BDL rats (Fig. 6A-B) . While in the prefrontal cortex, Isolectin appeared more intense in BDL rats, with a difference between AQP4 intensities between groups (Fig. 6C-D) . To simplify the intensity measurements, we analysed the area under the curve of the peaks and observed significantly lower AQP4 expression compared to Isolectin in both the olfactory bulb (p <0.05) and prefrontal cortex (p <0.01) of BDL rats, which was not the case in sham-operated animals (Fig. 6E) . Furthermore, both AQP4 polarisation (degree to which AQP4 expression is polarised to blood vessels) and AQP4 vessel coverage (average% area of selected blood vessel which is covered by AQP4) were measured. AQP4 polarisation ( showed a trend towards lower vessel AQP4 expression in BDL compared to sham-operated rats, though none of these changes were statistically significant.
Evaluation of prefrontal cortex function: Spatial working memory
To determine the possible functional consequences of altered glymphatic flow and clearance, an array of behavioural and cognitive tests was performed in BDL (n = 5) and sham-operated (n = 5) animals. The prefrontal cortex is critically involved in cognitive functions such as working memory, a process of maintaining an active representation of information available for use, as well as organisation and planning of responses. 31 Testing spatial working memory in the Barnes Maze was then used to assess the function of prefrontal cortex. While there was no difference between the animal groups in time required to reach the escape box during the sample trial (p = 0.3) (training on the day to learn the new location of the escape box), significant differences between the BDL and sham-operated animals in the retention trial (p = 0.02) were recorded ( Fig. 8A-B) . These data suggest that the BDL animals are unable to retain an active representation of information, indicating impaired prefrontal cortex function.
Evaluation of hippocampal function: Spatial reference memory As the hippocampus is important in the acquisition of spatial reference memory 32 , further tests to assess its function were performed in the Barnes Maze. Although no differences were observed in escape latencies between BDL and sham-operated animals (p = 0.2), the control group showed a progressive and significant improvement in the task acquisition during the training days (p = 0.01), which was not observed in the BDL animals (p > 0.05) (Fig. 8C) . This indicates the inability of BDL animals to learn how to use the reference cues in order to reach the escape box, suggesting potential impairment of hippocampal function. There were no differences in the speed (p = 0.4) and distance travelled (p = 0.4) between the two groups of animals, suggesting that the observed differences in latency were not due to the potential locomotor deficiency in the BDL rats (Fig. 8-D-E) . Moreover, the learning ability of sham-operated, but not of BDL animals, was observed through the significant decrease in distance covered (within the group, p <0.001), which was also reflected in the increase of path efficiency (p = 0.01) along training days (Fig. 8F ). These results demonstrate a functional modification to the observed alteration in glymphatic flow in the hippocampus. 
Discussion
Many diseases, mainly neurodegenerative, are associated with accumulation of cellular waste products such as by-products of metabolism and cellular respiration. Intracellular proteasomal degradation and autophagy are considered the principal means of removing proteins from the central nervous system and the dysfunction of these processes has been associated with neurodegeneration. 33 Yet, many cytosolic proteins are released into the interstitial space of the brain, suggesting that effective disposal routes should exist to eliminate such waste. Data exist showing the accumulation of many noxious substances and metabolites in the ISF and CSF collected from the brain of patients with HE, 1 but the underlying mechanisms are not clear. The data described herein, demonstrating an impairment of the glymphatic system in BDL animals ( Fig. 1) , suggest that a lack of clearance may contribute to the accumulation of noxious substances in the brains of patients with cirrhosis.
Using two lines of evidence; MRI and SF-ICP-MS, this study demonstrates, for the first time, impaired CSF penetration and parenchymal clearance of the contrast agent in frontal brain regions (the olfactory bulb and prefrontal cortex) of BDL rats, indicating a clear dysfunction of the glymphatic clearance system in an animal model of chronic liver disease and HE. The reasons underlying increased contrast agent inflow in the hippocampus are currently unclear, but may be due to cell loss/neurodegeneration, also seen in animal models of Alzheimer's disease or regional glial alterations that may occur in HE. 34 Cytotoxic oedema and energy depletion, which are known features of HE, enhance glymphatic CSF influx while suppressing ISF efflux, 35 which may also contribute to the increased contrast inflow in the hippocampus. The data showing memory deficits in this model of HE provide evidence of functional modifications, indicating impaired prefrontal cortex function as well as potential derangement in hippocampal-prefrontal cortex connections.
The pathophysiological mechanisms underlying impaired glymphatic flow reported here are unclear. While we have excluded the possibility of increased ICP and brain volume contributing to this phenotype, our data suggest that significantly lower AQP4 expression compared to the vasculature marker in both the olfactory bulb and prefrontal cortex of BDL rats, could contribute to the pathophysiological mechanisms underlying the impaired glymphatic function. Furthermore, the moderately altered AQP4 vessel coverage as well as polarisation could also eventually contribute to altering glymphatic flow. This is an important observation as other studies have proposed that changes in AQP4 expression, localisation, or function may alter glymphatic pathway function and contribute to the development of Alzheimer's disease or other neurodegenerative conditions in animal models 10 and in humans. 22 Several other factors, some known to be deranged in HE, such as reactive astrogliosis, 36 hemichannel dysfunction, 3 altered neuronal activity, 35 arterial pulse-pressure, 37 and central nervous system inflammation, 38 may also play a role. Interestingly, many of these factors are prominent in other diseases 10 and could represent important therapeutic targets to restore paravascular CSF-ISF exchange.
Maintenance of volume homeostasis of cells requires energy. Energy depletion can cause brain cell swelling termed cytotoxic oedema. 39 From extensive studies on HE rodent models, it is known that ammonia plays a direct role in the development of this astrocytic oedema, 40 although this is mild in cirrhosis and associated HE. Astrocytic end-feet interpose a highresistance barrier to fluid-solute flux between paravascular and interstitial compartments. Pericyte and microglial processes are also scattered in between the vascular wall and astrocyte end-feet, which creates a filter size of glial barrier large enough for nearly all-mammalian proteins ($35 kDa and diameter 2-3 nm, including serum albumin $70 kDa and 4-6 nm diameter). Astrocytic swelling (extending to end-feet) can therefore interfere with the clearance of the brain by obstructing the paravascular CSF-ISF exchange and solute clearance. An interesting idea proposed by Thrane et al., 35 suggests that gap-junction connections between astrocytes might rapidly distribute Na + -influx across the glial syncytium. 41, 42 Na + and Cl À redistribution would in turn make ISF slightly hypo-osmolar relative to CSF, 43 which would build an osmotic ISF-CSF gradient that in theory would pull CSF into the ISF compartment. A study from our group already demonstrated functional hemichannel dysfunction in the cerebral cortex of BDL animals. 3 This dysfunction could also extend to the gap-junction level, preventing the distribution of these ions and therefore the development of an osmotic gradient, which will consequently diminish the efficacy of the glymphatic clearance pathway as demonstrated here. This hypothesis will need to be tested in future studies.
In conclusion, this study provides the first experimental evidence of impaired glymphatic inflow and clearance in a rodent model of chronic liver disease and HE, with decreased expression of AQP4 suggested to play a mechanistic role. 
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